A technique for the analysis of the volatile compounds from fish tissue employing microwave distillation-solid-phase microextraction-gas chromatography-mass spectrometry is described. A qualitative listing of 174 compounds observed in the headspace is given, and a quantitative method for the determination of the off-flavor contaminants (2-methylisoborneol and geosmin) is presented. Borneol and decahydro-1-naphthol are used as the surrogate and internal standards, respectively. A linear calibration curve is obtained for 0.1 to 5 ppb with a recovery level of 60% at 2.5 ppb.
Introduction
Currently, crop flavor quality assessment in the farm-raised catfish industry is made by human flavor checkers. Instrument-based quality determinations are potentially faster, less subjective, and more accurate. Much progress has been made in the rapid instrumental determination of the muddy/musty off-flavors, geosmin and 2-methylisoborneol (2-MIB), which constitute greater than 80% of the off-flavor problem in farm-raised catfish (1) (2) (3) (4) (5) (6) . Readily recognized as the smell of fresh dirt, they are ubiquitous in nature and are produced by actinomycetes and blue-green algae. Their presence adds a noticable taint to the aroma of drinking water and food supplies. Humans are remarkably sensitive to these compounds and can detect them at extremely low levels (on the order of low parts-per-trillion concentrations) in water (7) .
Applications have been successfully developed for the headspace analysis of foods such as fruits and vegetables and environmental samples such as soil and water (10) . The relatively low cost, ease of use, and extensive capabilities of SPME have resulted in a wide range of applications, especially in the area of food analysis (11) .
Headspace analysis of an aqueous solution employing SPME is straightforward when compared with other headspace techniques such as purge and trap. The aqueous sample is readily amenable to the use of NaCl and heating in order to drive the analytes from the liquid phase into the gas phase. SPME is not as effective for the analysis of samples composed of a complex matrix, such as soil and muscle tissue. In complex matrices, physical bonds allow the prospective analytes to adhere to the sample matrix. For complex matrices, this problem can be overcome using microwave distillation (MD) (3, 5, 6) . The analytes are essentially steam-distilled from the sample matrix, and the steam effluent carrying the analytes is collected in a flask placed in a chilled water bath. The technique effectively removes the analytes from the less optimal matrix and places them in an aqueous matrix.
Methodology employing SPME has been developed for analyzing these compounds in water at the parts-per-trillion range (4) . This report provides qualitative information on the compounds found in the headspace of cooked fish and details for the quantitation of 2-MIB and geosmin. These compounds can be detected by humans at concentrations as low as 20 ppt in water and 0.7 ppb in fish (12) . Researchers and water quality control managers need to measure the concentrations of 2-MIB and geosmin in both fish and water at very low levels.
Experimental
Geosmin (9a,10a-decalol; CAS# 19700-21-1 ) was obtained from Givaudan Corporation (Clifton, NJ , and decahydro-1-naphthol (cis-decahydro-1-naphthol; CAS# 36159-47-4) (DHNap) (St. Louis, MO) were obtained from Sigma-Aldrich. Standards of 1 ppt were made up in ethanol, with subsequent dilutions in sterile water (Milli-Q, Millipore, Milford, MA). Off-flavor fish were obtained from a commercial processor, and determination of the muddy/musty off-flavor was made by a professional flavor checker. Samples consisted of 20 g of a single catfish fillet that was finely chopped and placed in a glass container. The sample was then heated for 3 min using a microwave while purging with 80 mL/min of N 2 . The effluent was transferred via glass tubing to a receiving vessel (20-mL graduated cylinder) located in a chilled water bath held at 0°C. The collected water was brought up to a total volume of 10 mL using Milli-Q water to rinse the transfer line. The sample was then subdivided into 5-mL aliquots and placed into a 10-mL vial. Three grams of NaCl was added, and the vial was spiked with 5 µL of a 10-ppm solution of the internal standard, DHNap (50 ng). The vial was sealed with a crimp cap fitted with a Viton septum and placed in a CTC SPME autosampler (Leap Technologies, Carrboro, NC). Samples were maintained at room temperature until analyzed.
The sample was then heated to 65°C and exposed to the SPME fiber for a 12-min adsorption period while undergoing vigorous agitation. The autosampler was equipped with a 1-cm-long divinylbenzene-carboxen-polydimethylsiloxane SPME fiber (Supelco, Bellefonte, PA). The fiber was withdrawn from the sample and desorbed at 270°C for 5 min in the injection port of an HP6890 GC equipped with a 5973 mass-selective detector (Hewlett-Packard, Palo Alto, CA). The injection port was operated in splitless mode and fitted with a 0.7-mm-i.d. injection liner. The head pressure was set to 25 psi of helium for the first minute and then to a constant velocity of 40 cm/s for the remainder of the GC run. Two different GC temperature programs were employed: one for qualitative analysis and the second for quantitative analysis. For qualitative analysis, the oven was held at 40°C for 3 min, ramped to 200°C at 5°C/min, and then ramped to 250°C at 50°C/min for a 40-min run. For quantitative analysis using selected-ion monitoring (SIM), the oven was initially held at 80°C for 1 min then ramped to 100°C at 20°C/min, to 152°C at 7.5°C/min, and to 250°C at 65°C/min, and then held to give a total run time of 12.75 min. Cool-down for the GC oven took approximately 4 min.
The quadrupole MS was operated in election ionization mode and was initially scanned from m/z 50 to 350 for qualitative analysis. SIM was employed for quantitation of the target and qualifier ions for 2-MIB, geosmin, borneol, and DHNap, as shown in Table I . Q1 and Q2 are the qualifying ions of a given analyte and should give a consistent ratio relative to the target ion. If either ratio falls outside of acceptable limits, then the presence of a coeluting compound is suggested, which may interfere with the 
Results and Discussion
The volatile and semivolatile compounds observed in the headspace of the steam distillate from microwave distilled catfish are listed in Table II , and a total ion chromatogram of the compounds is shown in Figure 1 . The large number of aldehydes and alcohols are lipid oxidation products and commonly result from the breakdown of all living organisms. The relative amounts of these compounds are dependent upon the initial distributions of the fatty acids present, the mechanistic pathways for decomposition, and the environmental factors during storage and pressing such as moisture, time, and temperature. Although hexanal has little aroma impact until it is present at concentrations approaching several hundred parts-per-million, the concentration of hexanal is often used as a measurement of the state of lipid oxidation (13, 14) . Tertiary amines and pyridine produce the characteristic odor of old fish. Numerous heterocyclic amines further contribute to the fishy aroma. The pyrazines are associated with nutty-like aromas and are normally found in roasted foods such as peanuts and meats. The straight-chain alkanes from C 10 to C 20 were observed using this method. Most probably, there are additional alkanes in the headspace, but they are not observed because of limitations of the method employed.
Of critical importance to the flavor of catfish is the presence of 2-MIB or geosmin or both. When either compound is present at a concentration approaching 1 ppb, they render the fish offflavor. Trace levels of 2-MIB and geosmin are present in the off-flavor fish presented in Figure  1 . However, there is no discernible chromatographic peak, and they are essentially lost in the noise. Their location can be found by using an extracted ion search, and their retention times are noted on the chromatogram. For targeted analysis of these compounds, the MS is operated in SIM mode rather than scan mode.
For quantitation using SPME, a calibration curve was constructed and an internal standard employed. Initially, deuterated analogues of 2-MIB and geosmin were employed as internal To determine the recovery from an aqueous solution, standards of 2-MIB and geosmin were repeatedly analyzed over the range of 0.1 to 5 ppb. For a newly conditioned fiber, recovery of geosmin and 2-MIB from an aqueous solution showed that approximately 90% of the analytes were recovered on the first sampling. This value varied only slightly from fiber to fiber but dropped as the fiber aged. Fibers can routinely be used for several hundred samplings and are changed when area counts for a 1-ppb standard drops below acceptable levels. To compensate for variation in recovery, a series of geosmin and 2-MIB standards were run before and after each batch of samples, and the calibration curve was generated from these runs. In large sample sets consisting of 20 or more samples, a third or fourth set of calibration standards would be inserted into the autosampler queue after every 10-15 samples.
In analyzing fish tissue, loss in recovery can result from four possible sources: (a) analyte remains in the sample, (b) analyte is destroyed by the MD process, (c) analytes remain in the transfer lines, and (d) material is lost to the atmosphere from the open end of the recovery vessel. To check for incomplete desorption of the analytes, off-flavor fish were microwaved for 3 min to drive off all the moisture, leaving behind a rubbery tissue. The residual material was then weighed, and sufficient water was added to the sample to bring it back to the initial 20-g weight. The sample was then reheated and the distillate collected. Only trace amounts (below quantifiable levels) of 2-MIB, geosmin, or borneol were observed in the distillate from any of the reheated samples. To reduce blow-by, 1 mL of Milli-Q water was placed in the recovery vessel and allowed to cool before starting MD. Residual analyte in the transfer line was recovered by rinsing with Mill-Q water, which was then added to the recovered distillate.
The total recovery consisted of two steps: the SPME analysis of the distillate (discussed previously) and the recovery from the MD step. To obtain values for total recovery, tissue samples consisting of 20 g of shredded fillet were spiked with 5 µL of a 10-ppm solution of borneol, 2-MIB, and geosmin, which effectively placed 50 ng of standard in the 20-g sample to give concentrations of 2.5 ppb for each compound. The spiked samples were then microwaved, and the distillate was captured. Aliquots consisting of 5 mL of the recovered distillate were spiked with 5 µL of a 10-ppm solution of DHNap and then analyzed. For comparison, 5-mL samples of water were spiked with 50 ng of borneol, 2-MIB, geosmin, and DHNap.
In Table III , DHNap gave an average area count of 586754 from water, 574042 from fish 1, and 574540 from fish 2. Within experimental error (RSDs of 5.8, 7.2, and 6.6% for water, fish 1, and fish 2, respectively), there was no difference in the recovery of the internal standard spiked into water or fish distillate. Likewise, for the surrogate standard (borneol), RSDs were between 5 and 10% for the individual aliquots. Because the distillate was split between two samples, the peak areas were combined in order to determine values for a single repetition. The first column under borneol, 2-MIB, or geosmin lists the peak areas for a single analysis, and the second column lists the combined results. For the combined aliquots, RSDs improved for the surrogate standard, 2-MIB, and geosmin. This may be an indication of nonhomogeneous mixing of the analytes in the distillate. Total recoveries for borneol, 2-MIB, and geosmin were approximately 80, 60, and 57%, respectively.
To determine actual amounts of 2-MIB and geosmin in fish tissue, the observed peak areas were adjusted based upon the ratio of the observed peak area to the expected peak area of the internal standard. The expected peak area of DHNap was obtained by taking the average of the peak areas from two or more calibration series (10 values). Corrected peak areas for 2-MIB and geosmin were then converted to mass (nanograms) using the calibration curve generated with each run. Because the two aliquots from the steam distillate were generated with each fish sample, their amounts were added together. In cases where only one of the aliquots was analyzed, the lone value was doubled to give the amount of analyte found in the steam distillate. To obtain the total amount of a given analyte found in 20 g of tissue, the amount found in the distillate was divided by the recovery factor (the recovery factor of 0.6 was used for both geosmin and 2-MIB). The resultant figure was the amount of analyte found in 20 g of tissue. Concentration was obtained by dividing the amount of analyte by 20 g. Borneol was employed as a quality check. If this value fell outside of the range of 80 to 120% of normal, the results were rendered suspect. Additional checks were employed using two qualifier ions (Q1 and Q2) for each analyte.
Typical ranges observed in catfish are from < 0.1 ppb for onflavor catfish, 0.1-0.7 ppb for marginal flavor fish, and > 0.7 ppb for off-flavor fish (15) . The majority of off-flavor fish contain < 5 ppb of either geosmin or 2-MIB. However, some fish have been observed with concentrations in excess of 20 ppb of either 2-MIB or geosmin. When 2-MIB or geosmin or both are present at concentrations > 0.1 ppb, professional flavor checkers describe the fish as having a "blue-green algae" or "muddy" flavor.
To validate the instrumental method, two fish from 15 ponds were obtained from a commercial producer and checked for bluegreen off-flavor by a professional flavor checker and analyzed using the MD-SPME-GC-MS technique. The results are shown in Figure 2 . Pond 10 was rejected by the flavor checker and given the worst possible acceptance score of 5 (on a scale of 0 to 5). The measured values were well above the upper end of our calibration curve, which puts the concentration of 2-MIB well in excess of 5 ppb. All other ponds were found acceptable. With the exception of ponds 2, 11, and 12, the flavor-checked data was in good agreement with the measured amounts of 2-MIB for fish 1 and 2. Concentrations of 2-MIB in these ponds exceeded the 0.1-ppb cutoff value. The discrepancy is minor and may result either from errors in the instrumental technique, a mistake by the flavor checker, or the acceptance of the value of 0.1 ppb as being absolute. Ponds 2 and 11 are actually within a standard deviation of being on-flavor. The value of 0.1 ppb as being off-flavor for a flavor checker is a subjective value resulting from an average of four flavor checkers and fails to take into consideration other factors that may impact the flavor of fish (15) .
It is interesting to note that 2-MIB could be detected in all fish by the instrumental technique. This is generally the case as our detection limits are at approximately 10 pg of 2-MIB or geosmin when placed on the column and employing SIM of the MS. Using the recovery factor of 0.6 for fish to detector, this would translate to concentrations of approximately 2 ppt starting from a 20-g sample of fish tissue. The instrument is sensitive enough to accurately measure these levels, but the poor recovery factor and proportionate loss to glassware may preclude the use of MD-SPME-GC-MS for sub-parts-per-trillion analyses.
Conclusion
This report lists the major compounds found in the headspace of cooked catfish and describes a detailed method for the quantitation of 2-MIB and geosmin using MD-SPME-GC-MS. The instrumental method is more sensitive than a human flavor checker, and presumably more consistent, but takes longer and costs more. Other off-flavors described as woody, sewage, rotten, and diesel can also render fish unacceptable. Before implementing an instrument-based quality determination, the compounds that produce these other flavors must be identified. When a specific compound has been identified as the cause of an off-flavor, rapid methods can be developed to quantitate that compound.
